The Fifth International Meeting on Quadruplex Nucleic Acids took place in Bordeaux, France. Over the course of three intense days in May 2015, the quadruplex community had an opportunity to share exciting developments in the field, especially key insights into emerging biological roles that these structures, considered for decades to be nothing more but in vitro curiosity, are playing.
The Fifth International Meeting on Quadruplex Nucleic Acids took place in Bordeaux, France. Over the course of three intense days in May 2015, the quadruplex community had an opportunity to share exciting developments in the field, especially key insights into emerging biological roles that these structures, considered for decades to be nothing more but in vitro curiosity, are playing.
For an outsider, individual scientific communities, organized around a topic, or an idea, or a cause, might look a bit like secret societies, even religious movements. The fact that the Fifth International Meeting on Quadruplex Nucleic Acids (Figure 1 ), took place in a church, the Espace Agora du Haut-Carré , located on the University of Bordeaux campus, might fuel this viewpoint even further. For some of us, these biannual meetings of researchers working in the field of nucleic acid quadruplexes have indeed become somewhat of a pilgrimage and something that we look forward to and approach with passion and devotion.
Overall, the fifth of these gatherings, organized jointly by Valerie Gabelica and Jean-Louis Mergny (IECB, France) did not disappoint. The meeting included 50 lectures, 30 flash presentations (with the focus on young scientists), and more than 150 posters. The topics covered extended beyond the quadruplex community to include ''non-quadruplex'' science, and the people at the meeting were a blend of physicists, chemists, computational scientists, biologists, and clinicians, painting the quadruplex field with its true colors.
For years, G quadruplexes (G4s) were considered to be a mere scientific curiosity and the field had to wait for decades for the evidence that the quadruplex DNA exists in human cells. We now know that quadruplex-forming sequences (QFS) are neither rare nor limited to DNA, as they are spread throughout the genome and transcriptome. But this is not to say that we know for sure that QFS are indeed folded into quadruplex structures in vivo, and whether they play a role in genetic and epigenetic regulatory networks. These types of questions are the main force driving the field forward at the moment, and we see growing interest in developing tools to probe when, where, and to what extent G4s form in vivo, using sophisticated biophysical and structural techniques to examine their topological plasticity and folding dynamics, and translating structural, biophysical, biochemical and cellular insights into targeted therapeutics, as well as biosensors and mechanical devices. The fifth international meeting in Bordeaux reflected these expanding interests and the quadruplex community is thus grateful to the scientific committee (J. Brad Chaires, Nancy Maizels, Jean-Louis Mergny, Valerie Gabelica, Antonio Randazzo, and Anh Tuan Phan; Figure 2) and to the local organizing committee for the opportunity to meet and share exciting findings in this fast growing field.
We hope our meeting report conveys the energy and excitement that permeated the event and inspires others to join us in researching quadruplexes. We have organized the report into sections that offer a conceptual framework for big lines of investigation currently pursued by the field: structure, folding, and dynamics; biological functions and significance; ligands and their specificity; and non-DNA quadruplexes. Most of the work presented at the meeting is part of the most recent literature, and in this report we have tried to highlight some emerging ideas and preliminary results that are yet to make their way to a publication. Owing to limitations of space, all relevant and inspiring references (more than 160) are listed and categorized in the Supplemental Information. Our purpose was not to provide a comprehensive literature review, but rather to report on the meeting itself and in this way give an overview of the general direction of the field and the people driving it.
Back to the Future: Opening Remarks Jean-Louis Mergny, one of the co-organizers, chose a provocative, yet fitting, title for his opening lecture ''Fifty Shades of G.'' This title playfully encapsulated the philosophy of the meeting, and Mergny convincingly argued that in addition to standing for guanine, ''G'' also stands for growth, gain in function, generalization, goals of the field, and, in the spirit of the locale for the conference, the Grand Cru, because Bordeaux cannot be a destination, even the most serious scientific one, without enjoying its most famous local product -wine! Mergny elaborated that incredible growth has been one of the hallmarks of the field over the last decade. As examples, he mentioned that this meeting has grown from 100 attendees in 2007 to almost 300 in 2015, that the number of quadruplex-related publications increased from less than 200 in 2006 to more than 700 in 2015, and that the number of quadruplex-related citations was more than 20,000 in 2014. A lot of this growth is due to the fact that we are gaining insights into the quadruplex functions and starting to realize that quadruplexes play biological roles well beyond telomere and telomerase regulation (where original observations of biological G4s were made), and are starting to emerge as key players in virology, epigenetic reprogramming, and biocatalysis. Because of the tremendous growth, Mergny argues that the field has reached a point where it needs generalization, both in terms of homogenizing the quadruplex-related vocabulary, and the rules when it comes to using common algorithms for identifying putative QFS, or common biophysical methods for assessing their folding capability and stability. In terms of goals for the next decade, Mergny emphasized the remaining challenges related to the detection of quadruplexes in cells, uncovering their functions in vivo, and developing probes to help get us there.
The opening lecture was inspiring and entertaining, and set the tone for the entire meeting, which was conducted in the best of spirits and collegial atmosphere that one finds when scientists with a shared mission come together at a time when their field is undergoing a transformation.
Quadruplex Structures, Folding, and Dynamics
Structural characterization of G4s (Figure 3 ) has always been an important part of the field, and progress in this area, more recently expanded to include studies of folding and dynamics, has over the years pushed our understanding of the fundamental physical properties of G4s. Some emerging themes revolved around the need to develop new structural and biophysical methods to complement X-ray and nuclear magnetic resonance (NMR), and to move beyond short G-rich oligonucleotides toward sequences with greater biological significance or nanotechnological potential.
Brad Chaires (University of Louisville, USA) offered an alternative model for the human telomerase reverse transcriptase (hTERT) promoter, which his laboratory has derived from biophysical methods rarely used by others in the field, such as analytical ultracentrifugation, fluorescence polarization, and lifetime measurements. Chaires challenged the current approach to structural studies in the field, highlighting that QFS chosen for such work are usually limited to sequences that form monomolecular quadruplexes, most often manipulated to reduce conformational heterogeneity. By doing so, Chaires underlined that the structural information gained might have limited biological relevance, and efforts must now be invested to cover an entire 3D space of possible biological structures. He also stressed the need to develop highly accurate biophysical methods to complement the structural studies.
The theme of quadruplex structures and their plasticity was also part of Anh Tuan Phan's (Nanyang Technological University, Singapore) talk. His laboratory has exploited this plasticity to design new and unique G4-duplex hybrids for application in nanotechnology. One of the more unusual structures that Phan mentioned was a class of G4s with one missing guanine in the G-tetrad core. These quadruplexes bind guanosine, which makes the new motif a candidate for binding to metabolites and playing regulatory roles. Phan also presented a structure of an unprecedented left-handed quadruplex (Z-G4), as well as quadruplexes where structural diversity and plasticity were increased by employing locked nucleic acid LNA G, or fluorinemodified Gs. Finally, Phan presented his group's recent results on G4 recognition by small molecules and proteins, illustrated by a structure of the 18-amino acid G4-binding domain of RHAU helicase, bound to the target G4.
In a further twist to the quadruplex structure story, Gary N. Parkinson (UCL, UK) revealed a detailed snapshot of a telomeric 3 0 G4-duplex junction constructed from the human telomeric repeat. In the construct, a stable TAT triad joins the duplex and the quadruplex motifs without introducing any distortion. Structures of G4-duplex hybrids provide a unique insight into the interface that might serve as a recognition site for proteins or small-molecule ligands. After seeing the striking G4-duplex hybrid structures of Phan and Parkinson, one cannot but wonder if our view of G4s as isolated entities with relatively short loops is overly simplified.
Continuing with non-canonical DNA structures, Janez Plavec (National Institute of Chemistry, Slovenia) presented work on GGGAGCG repeats from the regulatory region of the PLEKHG3 gene in the 14th human chromosome linked to autism. The sequence has ''quadruplex'' type signatures in its NMR spectra and is G rich, yet it does not form G4. Instead, it folds into a bimolecular, tetra-stranded structure whose core consists of four central Watson-Crick G-C base-pairs sandwiched by four non-canonical G-A base pairs, and linked by GGG loops involved in non-canonical G-G base pairs. This work is important because it both extends the repertoire of non-canonical DNA structures and challenges the orthodoxy of what an NMR signature of a quadruplex fold should look like.
Shifting gears from structure to thermodynamics, Jurij Lah (University of Ljubljana, Slovenia) presented his work on the global thermodynamic analysis of how human telomeric DNA, Tel22, binds its ligands. Combining a variety of biophysical methods-circular dichroism (CD), differential scanning calorimetry (DSC), fluorescence, isothermal titration calorimetry (ITC), and gel electrophoresis-with mathematical modeling has led to a quantitative understanding of the driving forces for quadruplex folding coupled to ligand binding. Lah found that non-selective ligands bind to the preexisting hybrid conformation of Tel22, while selective ligands induce transition from a hybrid quadruplex to an antiparallel quadruplex.
The biophysical methods used by Lah and co-workers, and two main structural biology approaches, X-ray crystallography employed by Parkinson's laboratory, and NMR spectroscopy used by Plavec and Phan, lie at the heart of structural studies. More recent additions to this methodological toolbox are mass These methods open a different window into quadruplexes, especially when it comes to dynamics and folding. For example, Valentina D'Atri, a postdoctoral researcher in the group of Valerie Gabelica (IECB, France), showed how MS can yield key insights into the binding of individual cations to G4s. In the case of human telomeric DNA, the application of MS led to a discovery that K + binding cooperativity is sequence dependent; and, that at low potassium concentration, stable 1-K + species with lower than optimal amount of K + are detectable for some sequences.
A combination of MD simulations in gas phase with ion mobility MS demonstrated that gas-phase G4 topologies, in general, are not dramatically different from the structures found in solution. Ji rí Sponer (Academy of Sciences, Czech Republic) summarized the advantages and limitations of the modern computational methods used to study topological variability and folding/unfolding dynamics of quadruplexes. An interesting question that Sponer posed in his talk was whether a simple ''folding funnel,'' often used to describe protein folding, can explain the folding of quadruplexes. The answer at this point seems to be ''no''; instead, the current MD simulations suggest that quadruplex folding is an extremely multi-pathway process, with a wide range of on and off pathway intermediates with diverse lifetimes.
Sponer also stressed that further work on improving the quality of available nucleic acids force fields is needed if this area is to move forward. Natural synergy between the experiments and calculations offers a promising avenue to study quadruplex dynamics, which could bring us closer to understanding their biological functions.
Amazing developments have been seen in the single-molecule studies of quadruplexes described in the presentations of Huijuan You (National University of Singapore, Singapore), Victoria Birkedal (Aarhus University, Denmark), and Hamza Balci (Kent State University, USA). Huijuan You investigated the dynamics and stability of the c-MYC oncogene promoter quadruplex using ultra-stable magnetic tweezers. It found was that wild-type (WT) c-MYC, which contains five G tracts, folds into two distinct G4s; . Hamza Balci's laboratory used smFRET to understand the molecular interactions between quadruplex structures and the proteins that bind to them, most recently human Bloom helicase (BLM), which unfolds non-canonical DNA structures as part of DNA repair. The most remarkable insight obtained in this work is that BLM-mediated quadruplex unfolding is ATP independent, which leads to a unique mechanism for BLM-mediated quadruplex unfolding: BLM binds at the 3 0 single-stranded overhang in the vicinity of G4, destabilizes, and unfolds it in the absence of ATP, while the subsequent step, reeling-in the overhang and unfolding G-rich DNA, is ATP dependent. Interactions between human telomeric DNA and its binding protein partners (RPA, POT1, and TPP1) were also discussed.
Biological Functions and Significance of Quadruplexes
Although many G-rich nucleic acid sequences found in the human genome and transcriptome are predicted to form G4s, questions of whether these structures actually exist in vivo, and what their biological and physiological roles might be, remain an area of high-priority work. The field has certainly made exceptional progress in this area, and it was gratifying to see many talks and posters examining these very questions. Excitingly, much of what has been manifest in vitro seems to be recapitulated in vivo. Thus, basic science insights are starting to be translated into deeper understandings of disease etiology as well as of potential treatments.
Tracy Bryan (Children's Medical Research Institute, Australia) reported a remarkable connection between telomeric G4s and the so-called alternative lengthening of telomere (ALT) mechanism that operates as a telomerase-independent, homologous recombination-based mechanism for telomere lengthening in 10% of cancer cells. Bryan observed that quadruplex-selective small-molecule ligands cause a large increase in the occurrence of G4s in cancer cells that rely on the ALT mechanism but not in cells that rely on telomerase. Such ligands are also toxic to ALT cells and promote high levels of telomeric recombination in them. Based on these observations, Bryan proposed that G4 stabilization in ALT cells rendered them particularly vulnerable because of replication fork stalling at stabilized G4s across the genome; and that G4 formation was at least partially responsible for telomere replication induction in ALT cells.
A number of speakers at the meeting described the ''dark side'' of quadruplexes as inducers of genomic instability in different organisms. What we already know, thanks to work by Alain Nicolas (Institut Curie, France) and colleagues is that human minisatellite repeats CEB1 and CEB25 integrated into the yeast genome display instability, and that this instability is linked to ''pathological persistence'' of G4 structures formed within the CEB1 minisatellites. Recent work done in Nicolas' lab shows that sequences predicted to form G4s with very short, and largely pyrimidine-rich, loops display high thermal stability and, as such, are more likely to induce genomic instability in eukaryotes.
Marcel Tijsterman (Leiden University, the Netherlands) reported equally compelling results in this area from the nematode worm, C. elegans. The ways that cells deal with DNA secondary structures that impede or block replication are still poorly understood. To this end, Tijsterman and co-workers analyzed G4s in C. elegans that were defective for FANCJ, the vertebrate homolog of DOG-1 helicase, known to actively resolve quadruplex structures. They observed that a single unresolved G4 can survive more than one mitotic division and can be propagated to daughter cells. The presence of this single persistent G4 can trigger multiple double-strand breaks, which are then repaired by the A-family polymerase Theta (Pol q), which introduces small genomic deletions carrying the ''signature'' of the initiating G4. Multiple rounds of replication lead to a variety of deletions and affect cell development. Thus the presence of G4s gives rise to important genetic variation during organogenesis in C. elegans.
Paulina Prorok (Institute of Human Genetics, France), from the laboratory of Marcel Mé chali, described a genome-wide analysis of mammalian replication origins, that enabled classification of 65,000 origins into four different classes (class I-IV), of which class I, which corresponds to the late S phase, is the most abundant. Seventy to 80% of all origins contain QFS; interestingly, the use of G4-selective ligands clearly shows that stabilized G4s actually block replication. Quadruplex-linked ''OGRE'' elements were found to strongly predict replication origins that are actually active. To investigate the roles of specific origins, OGRE-containing ectopic origins were created in the genomes of mouse cells and found to be active, regardless of where they were inserted in the genome. Furthermore, genomic deletion experiments showed that deletion of OGRE elements was strongly detrimental for origin activity.
Marie-Noë lle Prioleau (Université Paris Diderot, France) provided insight into G-rich motifs in the replication origins of vertebrates by offering direct empirical proof that the known QFS were necessary but not sufficient for activity of replication origins in avian DT40 cells. In this case, a minimal replicator was defined as a G4 equipped with a cis module containing transcription factor binding sites. Deletion of this motif led to a large decrease in origin activity; point mutations that destabilized putative quadruplex folds in the motif were also detrimental for origin activity.
A majority of QFS in the genome are locked in the duplex state. Transcription, however, leads to strand separation and creates conditions favorable for G4 folding. Interestingly, Aaron Fleming, from Cynthia Burrows' laboratory (University of Utah, USA) hypothesized that oxidative damage to guanines by reactive oxygen species (ROS) also favors G4s formation. In order to test this hypothesis, Fleming focused on predicted QFS from the vascular endothelial growth factor (VEGF) gene. The presence of ROS leads to oxidation of specific guanines; these oxidized guanines cannot be repaired by base excision in vitro and their presence differentially decreases the thermal stabilities of duplex and G4 formed by the VEGF sequence (the duplex is destabilized to a greater extent). Interestingly, many promoter regions have a fifth G run located near the QFS, which led Fleming and colleagues to propose a ''spare-tire'' hypothesis, according to which the ''spare-tire'' fifth G run can replace an oxidized G run, leading to a rescued G4 structure (with longer loops) sensitive to repair under in vitro conditions. Cellular studies of this hypothesis are currently under way.
Naoki Sugimoto (Konan University, Japan) presented a systematic study of translation suppression by G4s. They were able to show that suppression efficiencies correlate with the thermodynamic stability of RNA G4s found in the open reading frames (ORFs) of mRNAs. Thus, despite the helicase activity of the ribosome, RNA G4s can suppress translation elongation by the mature ribosome as well as scanning by the small ribosomal subunit. Because temporary stalling of translation elongation at specific positions can have a strong impact on ribosomal frameshifting, no-go mRNA decay, and co-translational folding of nascent proteins, quadruplex-forming ORFs may contribute to the regulation of these functions.
Jean-Francois Riou (Musé um National d'Histoire Naturelle, France) shared some unpublished results on what happens in cellular systems that are resistant to G4 binding compounds (such as the widely used 360A), using genome-wide transcriptome analysis. Resistance to 360A leads to a telomeric dysfunction due to reduced telomerase activity, reduced telomere length, and genome-wide G4 reprogramming of transcription. This alteration in gene expression may result from multiple and cumulative effects during resistance selection. The comparison of transcriptional profiles after cells are treated with different G4-binding compounds revealed the presence of a common signature of nearly 80 affected genes, suggesting that G4-selective compounds affect transcriptional regulation in a similar way across multiple genes.
Continuing the topic of telomeres and telomerase, Hiroyuki Seimiya (Japanese Foundation for Cancer Research, Japan) reported startling results on the likely influence of TERRA, the G4-forming transcript from cellular telomeric repeats, in suppressing genes linked to innate immunity in cancer cell lines. The overexpression of hTERT in human prostate, stomach, and breast cancer cell lines led to the upregulation of TERRA and downregulation of three key innate immunity genes. Introduction of TERRA RNA oligonucleotides was sufficient to repress the innate immunity genes. The repression was due to the G4 secondary structure of TERRA; interestingly, other G4-forming oligonucleotides gave rise to similar effects.
Zheng Tan (Chinese Academy of Science, China) investigated the influence of G4 folding near transcription start sites. Using DNA footprinting experiments with a QFS embedded in either the template or the non-template strand, he obtained evidence that T7 RNA polymerase concomitantly governs transcriptional steps and G4 folding on the non-template strand, which begins when the transcription bubble is approximately 7 nt away from the QFS. G4 formation is thus triggered within the enzyme pocket, and results from both the relative freedom of the nontemplate strand and the structural disruption of the duplex-DNA due to the proximity of the transcription bubble. Whether these results can be generalized to other DNA/RNA polymerases is at present unknown; however, they provide valuable clues about the different relevance of QFS when found in template/ non-template strands, and on how processing proteins manage them differently.
Moving into the area of disease-related quadruplexes Dipankar Sen (Simon Fraser University, Canada) reported on the properties of what he termed ''Nature's own G4 ligand,'' Fe(III)-heme. Sen summarized data from many groups demonstrating that heme/G4 complexes are excellent catalysts for peroxidase (one-electron oxidation) and oxygenase/peroxygenase (twoelectron oxidation) reactions. The fact that G4 activates heme may be of physiological relevance, and Sen shared some recently published data on how a G4-forming repeat expansion RNA from the C9orf72 gene can bind and activate heme in vitro. Mutations in the C9orf72 gene are causal for neurodegenerative human diseases such as familial amyotrophic lateral sclerosis (fALS) and frontotemporal dementia (fFTD). The presence of quadruplex tangles within affected cells was thus proposed to sequester heme away from its normal cellular functions, as well as to promote localized oxidative damage, likely components of the disease mechanism in vivo.
Christopher Pearson (The Hospital for Sick Children, Canada) complemented and extended Sen's presentation by looking more broadly into the various possible roles of the C9orf72 gene in causation of fALS and fFTD. Expansion of (G 4 C 2 ) n repeats in the C9orf72 gene hamper normal splicing, sequester RNA binding proteins, and generate pathogenic dipeptides in the brain via non-AUG-mediated translation. Therefore, finding ways to modulate C9orf72 transcript G4 and understanding better how they drive diseases like fALS and fFTD is of significant interest. Pearson and colleagues have been moving the field forward on both of these tracks in parallel, by describing molecules that disrupt the RNA G4 formed by the (G 4 C 2 ) n repeats, and by examining the molecular details of how features of RNA G4 structure, such as stable R loops, affect binding to protein factors, and thus their function.
F. Brad Johnson (University of Pennsylvania Medical School, USA) focused on human Werner and Bloom syndrome helicases (WRN and BLM), which belong to the RecQ family and are well known to unwind G4s in vitro. Johnson investigated whether these enzymes influence G4 levels in cultured fibroblasts. Based on what is known about genome-wide mRNAs from genes with high quadruplex-forming potential and their levels in cells lacking WRN or BLM, as well as the high binding levels of the quadruplex-specific 1H6 antibody in those cells, Johnson convincingly argued that physiological roles for WRN and BLM include removal of DNA G4s.
Nancy Maizels (University of Washington, USA) set forth a hypothesis that the primary physiological role of G4 helicases may be to bind quadruplex targets in the genome in order to regulate transcription. To support this hypothesis, Maizels' laboratory determined genome-wide binding sites of the XPB/XPD helicase in human cells by ChIP-seq and observed that 40% of those sites overlapped with QFS. Furthermore, Maizels investigated how deficiency in the BLM helicase affected transcription by profiling RNA expression of normal fibroblasts in parallel with fibroblasts derived from individuals affected with Bloom syndrome. Genes that were differentially expressed in Bloom syndrome patient cells were found to be greatly enriched in QFS near the promoter Cell Chemical Biology 23, March 17, 2016 ª2016 Elsevier Ltd All rights reserved 5 and especially in the first intron, suggesting the potential role of quadruplexes in the etiology of Bloom syndrome. Genome-wide analyses of XPB/XPD helicases helped shed further light on the transcription regulation hypothesis.
Over the past few years, the field has seen more wholegenome, transcriptome, and metabolome analyses looking into how quadruplexes control genomic events. These types of studies are of crucial importance to fully comprehend both the biological roles of G4s and the therapeutic consequences of small-molecule treatments putatively targeting G4s. Antonio Randazzo (Naples, Italy) presented an original NMR-based method to probe metabolomic changes in cancer cells upon treatment with G4 ligands. The new methodology combines 2D-NMR experiments with multivariable data and statistical analyses (notably against the Human Metabolome database). Applying this methodology, Randazzo demonstrated that treatment with a G4 ligand, RHPS4, impairs mitochondrial activities and DNA synthesis and repair machineries, thus offering a novel view on this ligand's biological effect. In a complementary approach, Randazzo used proteomics to identify nuclear proteins that interact with G4s in cells. Specifically, biotinylated QFS were used to fish out quadruplex-interacting proteins from colon cancer cell nuclear extracts. This led to the discovery of 19 proteins, some known G4 binders, and others not previously identified as such (i.e., HMGB1, KHSRP, and LMNB1).
Vicki Chambers, from Shankar Balasubramanian's laboratory (University of Cambridge, UK), presented the first high-throughput method, termed ''G4-seq,'' for high-resolution genome-wide quadruplex mapping. Remarkably, Chambers and colleagues detected significantly more QFS (500,000-700,000 depending on conditions) than is usually predicted by the widely used bioinformatics algorithms. Structural analysis of detected QFS revealed that only a subset of them had a canonical quadruplex sequence that the extant computational methods look for, while other non-canonical G4s contained long loops, bulges, or a twotetrad core. This finding suggests that it is necessary to soften the rigid rules currently in use to theoretically identify new quadruplex structures, especially non-canonical G4s. A large number of new quadruplex targets identified using G4-seq can now be used in further biophysical and structural studies and in the development of future therapeutics.
Peter Lansdorp (European Research Institute for the Biology of Aging, University of Groningen, the Netherlands) presented his work demonstrating that, using a G4-specific monoclonal antibody, 1H6, and immunofluorescence, quadruplex structures are present in heterochromatin. The difference in quadruplex staining between somatic cells and stem cells with germline DNA in ciliates, flies, and mammals point to an unexpected but apparently conserved role for quadruplex structures in nuclear organization and cellular differentiation.
Quadruplex Ligands and their Specificity
Because of their small size and good membrane permeability, G4 ligands are considered to be versatile molecular tools to enhance and/or promote quadruplex-related biological effects in cells. A new trend is to design multivalent ligands that combine efficient and selective quadruplex binding capabilities with at least one additional functionality. This novel concept of multitask ligands was illustrated through three different approaches aimed at providing tools for capturing quadruplexes in a genome-wide analysis for next-generation sequencing purposes (Marie-Paule Teulade-Fichou, Institut Curie, Paris, France) or for enabling an unbiased visualization of both DNA and RNA quadruplexes in live cells (Ta-Chau Chang, Institute of Atomic and Molecular Sciences, Taipei, Taiwan and David Monchaud, Institut de Chimie Molé culaire, Dijon, France).
Marie-Paule Teulade-Fichou has designed trifunctional ligands that contain selective G4 binders (i.e., Phen-DC3), have photocrosslinking capabilities, and are derivatized with biotin for immobilization on streptavidin-coated beads. Only ligands containing a component with a high quadruplex affinity, such as Phen-DC3, were shown to pull down G4s under stringent competition conditions. Interestingly, the results of the pulldown experiments vary dramatically as a function of the G4 topology. For example, G4 with long loops formed by minisatellite sequences are poorly trapped in these pull-down experiments. This may be due to the loop dynamics and, interestingly, could be correlated with the non-quadruplex behavior of these minisatellite sequences seen in a yeast-based assay (see contribution of Alain Nicolas). Trifunctional compounds described by Teulade-Fichou represent a new class of G4 binders capable of in vivo and in vitro G4 capture and detection, important for assessing biological localization and functions of G4s.
The visualization of quadruplexes in live cells remains a challenging quest. To address this, Ta-Chau Chang and co-workers have developed over the years a series of carbazole compounds (termed BMVC) that allow for the fluorescent tracking of G4s in the various compartments of the cells. Mitochondria, predicted to contain more than 200 QFS, are the latest of the compartments examined by Chang and colleagues using new BMVC derivatives. They demonstrate that these BMVC derivatives interact efficiently and selectively with mitochondrial G4s in vitro, confirm the presence of G4s in mtDNA in cells, and highlight their regulatory roles, given that BMVC derivatives suppressed the expression of mitochondrial genes, such as COX1, and disrupted mitochondrial functions.
In a different approach, David Monchaud and co-workers designed a series of template-assembled synthetic G quartets, ''TASQ'' smart probes. TASQ ligands are unique and different from conventional G4 ligands in that their selectivity and affinity comes from a G4-induced conformational switch that does not happen in the presence of other DNA structures. The nature of the central template component of TASQ can be adjusted to confer additional properties (e.g., fluorescence), leading to the so-called twice-as-smart ligand, in which the conformational switch triggers both G4 interaction and detection via a light-up fluorescence response. The novel prototype of twice-as-smart ligands, named NaphthoTASQ, was designed to be cell compatible; the utility of such a ligand was demonstrated in a direct, unbiased detection of RNA quadruplexes in live cells.
Yasuhiko Yamamoto (University of Tsukuba, Japan) and Liliya Yatsunyk (Swarthmore College, USA) presented biochemical and structural characterization of porphyrin-G4 interactions. Yasuhiko Yamamoto's laboratory is interested in heme binding to human telomeric DNA. It was very exciting to see that the spectroscopic signatures, properties, and pH-dependent structural changes of the heme bound to G4 DNA are similar to those observed when heme is bound to 6 Cell Chemical Biology 23, March 17, 2016 ª2016 Elsevier Ltd All rights reserved myoglobin, providing an interesting parallel between quadruplexes and proteins.
Liliya Yatsunyk discussed the spectroscopic and structural studies on N-methylmesoporphyrin IX (NMM) in complex with quadruplexes formed by Tel22 and a variety of oncogene promoters. She demonstrated that NMM has an exceptional selectivity for G4 versus dsDNA, but more importantly, for a parallel quadruplex fold. The highlight of Yatsunyk's presentation came in the form of the crystal structure of the NMM-Tel22 complex. In this structure, the out-of-plane N-methyl group of NMM fits perfectly into the center of the terminal 3 0 G tetrad and aligns with the K + channel, while the interaction of the N-methyl group with dsDNA or the antiparallel form of Tel22 in Na + conditions would lead to steric clashes, thus explaining NMM's selectivity. The structure of the NMM-Te22 complex questions the commonly accepted requirements for a good G4 binder to be planar and cationic as NMM itself has an off-planar structure and is expected to be anionic under physiological pH. The underpinnings of selectivity for ligand preference for G4 versus dsDNA or, indeed, other DNA structures is largely understood, and a number of G4 ligands with such selectivity have been reported. At the same time, designing ligands selective for a specific quadruplex fold remains challenging. P.I. Pradeepkumar (Indian Institute of Technology, Mumbai, India) addressed this challenge with his innovative synthetic work. He astutely combined the most important structural elements of pyridodicarboxamide and pyridostatin to design bisquinolinium and then bisbenzimidazole ligands with pyridine, naphthyridine, and phenanthroline cores. One of his prototypes, Phen-Et, displays differential selectivity, interacting efficiently with G4s formed by c-myc and c-kit DNA sequences, while imparting marginal stabilization to duplexes and telomeric quadruplexes. The results were ascribed to both the nature of the ligand's aromatic core as well as the amine side chains that play a pivotal, often overlooked, role in G4 specificity. Pradeepkumar's work demonstrates that the selectivity for a specific quadruplex fold is an attainable goal.
Chemists have been fascinated with macrocyclic G4 ligands, as they offer enticing G4-interacting properties along with exciting chemical challenges. Telomestatin, the total synthesis of which was a chemical tour-de-force, is certainly the most emblematic macrocycle that binds quadruplexes. Kazuo Nagasawa (Tokyo University of Agriculture and Technology, Japan) and co-workers have developed over the years a family of polyoxazole-based macrocycles that have easier chemical access than telomestatin but maintain its excellent G4-interacting properties. A standout example Nagasawa shared is the conjugation of heptaoxazole, L1H1-7OTD, with classical fluorophores such as BODIPY or Cy5. These conjugates were used as fluorescent reporters of QFS in a mouse CpG island (CGI) microarray comprising almost 89,000 probes in more than 16,000 CGIs. Among the nearly 2,000 QFS identified, the ability of several randomly selected sequences to fold into G4s was assessed via classical biophysical methods, demonstrating a posteriori the validity of the approach.
The group of Mauro Freccero (University of Pavia, Italy) developed conjugates between known G4-selective ligands and active moieties capable of covalently trapping G4s. The conjugate between the G4 ligand naphthalene diimide (NDI) and quinone methide was shown to efficiently alkylate quadruplexes; this idea was then extended to the design of conjugates whose covalent binding to quadruplexes can be triggered by external stimuli, such as light. To this end, NDI was linked to a phenolate moiety that produced phenoxyl radicals upon laser irradiation. The phenoxyl radicals reacted efficiently with the human telomeric quadruplex, as demonstrated via an array of in vitro analyses. The preliminary antiproliferation tests showed that the ability of NDI-phenolate conjugate to kill MCF7 cancer cells was enhanced by a factor of four after a 1-hr laser irradiation. The research presented by Freccero opens interesting perspectives for the design of a new generation of G4 ligands, whose dual G4-binding mode (non-covalent and covalent) could be triggered in a fully controllable manner by external stimuli.
DNA is an attractive but underutilized drug target. Targeting a single gene can lead to a more selective and efficient treatment compared with targeting a protein. John Trent (University of Louisville, USA) presented a recently developed platform, called a discovery funnel, which combines virtual screening with highthroughput experimental verification for the discovery of anticancer drugs that act via interaction with G4 structures. Trent showed the process of going from 2.1 3 10 7 compounds in their starting virtual screening library to 100 best candidates, which are then subjected to the first round of high-throughput experimental validation using a FRET melting assay and a fluorescent intercalator decay assay. Ligands that passed this round of validation were further subjected to a secondary experimental validation using biophysical methods such as calorimetry (DSC and ITC) and spectroscopy (CD and fluorescence) to confirm their stabilizing ability and to determine their selectivity toward G4 targets. One successful ligand is now in preclinical cellular studies. The strength of the discovery funnel platform is in its adaptability to any drug target and to any target library. For several years now Stephen Neidle (University College London, UK) and co-workers have been investigating possible therapeutic solutions for pancreatic cancer, which remains a major public health concern, given its spread and very low 5-year survival rates (3%-4%). Neidle's group discovered that tetrasubstituted NDIs are particularly promising therapeutic candidates and that one of the NDI derivatives, MM41, binds efficiently to G4s derived from promoters of BCL-2 and K-RAS genes in vitro and shows promising activity in vivo. Preliminary mechanistic investigations indicate that MM41 downregulates expression of bcl-2 and k-ras, although other cellular targets remain to be discovered. Finally, the first insights were given for the use of tri-substituted NDI analogs which display improved cellular properties and might hold promise in anticancer therapeutics.
Through their work on G-rich oligonucleotides (GROs), Paula Bates (University of Louisville, USA) and co-workers have built one of the most fascinating stories of the G4 field. GROs are quadruplex-forming aptamers that have low immunogenicity, enhanced stability and resistance to nucleolytic degradation, and enhanced tumor-specific uptake. One great success story for the field concerns AS1411, the first-in-human anticancer aptamer to reach phase II clinical trials. However, Bates pointed out that the response rate to AS1411 treatment seen in patients with advanced or metastatic cancers was relatively low, presumably because of the suboptimal pharmacological properties of Cell Chemical Biology 23, March 17, 2016 ª2016 Elsevier Ltd All rights reserved 7 the aptamer, including rapid clearance from the body. To tackle this issue, her team linked AS1411 to gold nanoparticles and the resulting conjugate displays higher internalization and improved inhibitory effects, supporting the validity of the approach.
Guillaume Guilbaud, from Julian Sale's group (MRC Laboratory of Molecular Biology, UK) reported fascinating data linking G4s, small molecules that bind to them, and epigenetic reprogramming. It is known that covalent modification of histones influences gene activity. Guilbaud provided evidence that pyridostatin (PDS) derivatives are able to induce G4-specific and locus-specific epigenetic changes to a defined genetic locus. Specifically, the team tracked the expression of the Bu-1a gene, a marker of the epigenetic instability in the avian B cell line DT40 after treatment of cells with 30 PDS derivatives. Three compounds altered Bu-1a expression, showing that the G4-forming region of the Bu-1a gene might indeed play a pivotal role in both genetic and epigenetic regulation patterns. This approach presents a new tool for screening small G4 selective molecule in vivo, and demonstrates how G4s can be selectively targeted with small-molecule ligands in order to exert control over gene expression.
The major take-home lesson from the talks focused on in vivo functions, detection, and targeting of G4s, is that we have just uncovered the tip of the iceberg. It was exciting to see how rapidly the conversation in the field has been shifting toward tackling harder systems and questions, and with how much energy. We remain hopeful that successful clinical agents, be they small molecules targeting G4 structures, or a GRO, will emerge in the near future.
Other Quadruplexes

RNA Quadruplexes
While much emphasis has been given to DNA G4s over the past years, it is now indisputable that RNA G4s are becoming increasingly important in the quadruplex field. Higher-order RNA structures play an important part in the regulation of gene expression, and it is not surprising to find that RNA G4s play similar critical roles. In this conference, four talks were devoted to RNA G4s, highlighting different approaches to study these systems, including in silico tools to define and reference RNA-G4-forming sequences (Jean-Pierre Perreault, University of Sherbrook, Canada); methods to examine their structures (Oscar Mendoza, IECB Pessac, France); tools to detect them in cells (Peter J. Unrau, Simon Fraser University, Canada); and ways to probe their regulatory roles at the translational level (Sean A. McKenna, University of Manitoba, Canada).
Jean-Pierre Perreault and co-workers developed a web-based user-friendly database termed G4RNA (http://scottgroup.med. usherbrooke.ca/G4RNA/), which contains more than 300 RNA sequences tested for their ability to adopt G4 structures using classical biophysical and biochemical methods. The G4RNA database is complementary to the GRSDB2 database, which is used to predict the theoretical distribution of RNA QFS in the transcriptome.
From a structural point of view, RNA G4s are less polymorphic than their DNA counterparts, and naturally occurring RNA G4s are always ''parallel'' with four constitutive RNA strands oriented in the same direction and with all guanines in the anti conformation. In an effort to investigate further this lack of polymorphism and exert control over RNA G4 folding, Oscar Mendoza, a postdoctoral fellow in Jean-Louis Mergny's laboratory (IECB, France), developed an elegant strategy in which DNA only, RNA only, or DNA/RNA guanine stretches were embedded in the center of X-shaped duplex/G4 constructs, termed synapses, in which four canonical antiparallel Watson-Crick duplexes served as arms. The folding of arms into antiparallel duplexes should force the central DNA/RNA tetramolecular quadruplexes to adopt an antiparallel conformation. As designed, the duplexguided assembly of DNA-only synapses led to the formation of the expected antiparallel central G4, however DNA/RNA synapses, in spite of predictions and folding forces, formed parallel quadruplexes. The study corroborates that RNA G4s are restricted to parallel fold by the incapacity of RNA guanines to adopt conformation other than anti.
Given their central roles in gene expression regulation, cellular RNAs are tightly regulated, making the implementation of any responsive tracking system challenging. Peter Unrau and coworkers developed a fluorescent tag based on a biotin-thiazole orange (TO) conjugate and, using in vitro selection, identified a high-affinity RNA aptamer for it, RNA Mango. The aptamer folds into a two-quartet G4 structure with a privileged binding site for TO, leading to nanomolar affinity and over 1,000-fold fluorescence enhancement. When integrated into biologically relevant RNA sequences, like the 6S RNA that regulates bacterial transcription, RNA Mango allows for both direct visualization of 6S binding and release from bacterial RNA polymerase and an easy and efficient streptavidin-mediated isolation and purification of the 6S/polymerase complexes.
The biological roles of RNA G4s were further highlighted by a study of the RNA helicase, known as RHAU (aka DHX36), associated with AU-rich element. Sean McKenna and co-workers selected this G4-specific enzyme to assess the involvement of quadruplexes in RNA metabolism and regulation. They identified RHAU targets by RNA co-immunoprecipitation screens and studied two of them, PITX1 mRNA and BC200 RNA. In both instances, RHAU was shown to play regulatory roles, following mechanisms more complex than initially expected. The PITX1 translational regulation was shown to occur via RHAU binding to both G4-containing and G4-independent regions of the 3 0 -UTR of the corresponding mRNA. The PITX1 translational regulation collectively results from an intricate interplay between RHAU helicase activity and miRNA machinery. BC200 RNA does not form detectable G4 but interacts strongly with RHAU. A possible explanation for this observation is stabilization of unfolded QFS by the C-rich end of BC200 RNA via unprecedented but observable ternary RHAU/G-rich sequences/BC200 RNA complexes. Taken together, the results presented underline the multifaceted roles of RNA G4s and their helicases. Higher-Order G4-Based Assemblies Viktor Viglasky (Institute of Chemistry, Slovakia) investigated a set of G-rich sequences with known topologies and suggested a set of general rules that can be applied to predict G4 formation or assembly into higher-order structures based on results of routine biophysical characterization. Overall, the methodology that Viglasky developed is reliable and has been benchmarked and tested; yet, he pointed out that the weakness of this predictive tool lies in difficulty of determining with certainty the number of G tetrads in a quadruplex as well as the molecularity of the Meeting Report higher-order assembly while the strength rests in its simplicity and cost effectiveness.
The topic of G-based assemblies took an interesting turn when Jose Rivera (University of Puerto Rico) presented his work. While most researchers at the meeting work with GROs, Rivera's team focuses on the assembly of individual nucleotides, guanine or its derivatives, that under certain conditions form higher-order mesoscopic assemblies termed supramolecular hacky sacks (SHS). SHS are ideal for encapsulation and delivery of a wide variety of guest molecules such as drugs (doxorubicin hydrochloride, rhodamine B), proteins (cytochrome c, dsRed2, etc) , and DNA plasmids. The resulting flower-like structures are termed nanoflowers (NF). The scanning electron microscopy images presented were fascinating. Rivera concluded his presentation with a demonstration of cell delivery of his NF. Other exciting potential applications of the systems described in Rivera's talk are in biosensing and catalysis.
Danny Porath (Hebrew University of Jerusalem, Israel) presented groundbreaking work on the electric conductivity along G4 DNA. His laboratory investigated the conductivity of two systems, a monomolecular antiparallel G-wire stabilized by Na + and a tetramolecular G4 assembled on an avidin using four separate biotinylated G-rich strands. Both constructs were at least 230 nm long. Electrostatic force microscopy showed that metal-free tetramolecular G4 is twice as polarizable as Na + -stabilized monomolecular G4 due to structural differences, as the latter is longer, thinner, and more flexible. Inspired by a promising conductivity measurement on tetramolecular G4, Porath incorporated it into a simple circuit and observed that this G4 reproducibly transported relatively high currents at the bias voltage of more than ±3-4 V over a relatively long distance, up to 70 Å . A simple hopping model was used to explain the mechanism of current transport: thermally activated electrons hop between the series of activation centers spaced by 3.5 nm (corresponding to 10-11 G tetrads over which the electrons delocalize). This model is in line with commonly accepted view of G4s as wide-band semiconductors with narrow valence and conduction bands.
Quadruplexes in Bacteria and Viruses
Limiting G4s to eukaryotic cells would be unduly restrictive as demonstrated by two presentations focused on the existence and consequences of G4s in other organisms, notably viruses (Sara N. Richter, University of Padua, Italy) and bacteria (Jö rg S. Hartig, University of Konstanz, Germany). For example, the exceptionally G-rich genome (68% of GC content) of the herpes simplex virus type-1 (HSV-1) has attracted the attention of Sara Richter and co-workers, who investigated how G4s and G4 ligands may potentially be exploited to combat this infectious disease. Richter demonstrated that the HSV-1 genome has extended repeated clusters of QFS, in both coding and non-coding regions, and that isolated sequences form stable G4 structures in vitro. Established G4 ligands (notably BRACO-19) were shown to arrest viral DNA processing via the stabilization of G4s mainly found in the non-coding regions of the HSV-1 genome. In addition, Richter showed that G4 formation peaks during virus DNA replication, suggesting a direct link between the virus DNA replication cycle and G4s.
Switching from viruses to bacteria, Jö rg Hartig delivered a comprehensive overview of the occurrence of G4s in Escherichia coli, Treponema pallidum, and Xanthomonas campestris. Capitalizing on their previous demonstration that quadruplexes influence bacterial gene expression, Hartig and co-workers identified flavin and its derivatives as intracellular natural G4 ligands. This discovery suggests that bacterial G4s might regulate gene expression in response to metabolites, cofactors, or other environmental conditions. Interestingly, Hartig provided the first insights into the biological relevance of alternative, but non-G4, nucleic acids structures, the so-called intra-strand triplex-DNA. He demonstrated that a certain widespread triplex motif does not influence gene regulation processes or chromosomal organization in bacteria but is associated with genomic instability and variability.
Hartig's presentation broadened the scope of the meeting beyond quadruplexes. Staying on an off-quadruplex topic, Zoe Waller (School of Pharmacy, Norwich, UK) discussed i-motifs, non-canonical C-rich DNA structures held together by C-C + base-pairing. Considering that G-rich sequences are complementary to C-rich sequences, G4s and i-motifs are potentially connected in an intimate relationship. However, at this point, i-motifs remain relatively poorly studied and Waller has been working to define the rules that govern i-motif formation and stability in order to develop highly specific small-molecule ligands to target these structures. First, her laboratory demonstrated that the folding/unfolding of an i-motif could be fully controlled via cyclic silver nitrate/cysteine additions, with potential applications in nanotechnology. Second, the team implemented highthroughput screens to identify small molecules not only capable of interacting efficiently with i-motifs but also being devoid of both G4 and duplex interactions. Such a task is admittedly challenging but preliminary results obtained with small peptides and other molecules (e.g., mitoxantrone analogs) are promising. Waller's talk demonstrated how the G4 field is expanding in new and exciting directions.
Conclusions and Perspectives
We came away from this meeting with a sense of many new things in the air. Although the quadruplex community has now reached a point where the critical ground work toward understanding the fundamental principles governing G4 folding and structures has been done, the meeting highlighted that it would be too early for the community to rest on its laurels. There are numerous opportunities, especially in terms of understanding various biological roles that quadruplexes play, mapping out their interactions, and expanding the disease relevance of quadruplexes beyond cancers and telomeres/telomerase to genetic, transmissible, and neurodegenerative diseases. As the speakers at this meeting highlighted, it is becoming clearer that G4s play a role in replication fork stalling, nuclear organization, DNA repair, virology, mRNA regulation, epigenetic reprogramming, and no doubt other, yet to be determined, biological processes. Another intense area of interest for the community is in developing and using small-molecule probes, both as the potential starting points for future therapies and as tools to probe deeper into biological mechanisms and physiology.
For us, one of the most heartening features of this meeting was the plurality of viewpoints and the effort all presenters made to describe their discoveries in an accessible manner. Although the fact that 50 lectures and more than 150 posters in only 3 days did not leave much time for in-depth discussions, this was compensated by the participants' enthusiasm and energy, especially during the poster sessions, which were the scene of wonderful encounters and incredibly stimulating scientific exchanges. The future of the G4 field is undoubtedly bright: a new generation of researchers is ready, as demonstrated by the poster prizes awarded to promising students, Louis K.M. Chan (University of Cambridge, UK, S. Balasubramanian's group) for mechanistic investigations on the G4-destabilizing agent G-clamp; Daniela Franco Bodek (Imperial College London, UK, R. Vilar's group) for a study on the G4-related control of Zip1 gene expression; Rachel Jodoin (University of Sherbrooke, Canada, J.-P. Perreault's group) for studying how RNA G4s in the 5 0 -UTR of mRNA control the translation of BAG-1 protein; Hui-Yun Liu (Sun Yat-sen University, P.R. China, Z.-S. Huang's group) for investigations on a novel anti-G4 antibody named D1; Nerea Martin-Pintado (Nanyang Technological University, Singapore, A.T. Phan's group) for demonstrating how a water molecule can occupy a vacant site in G triads; and Daniela Verga (University of Konstanz, Germany, A. Marx's group) for showing how DNAzyme might provide versatile systems to sense SNP sites. The challenges that remain, even if large, were clearly identified. Many of us will meet to discuss the progress we make addressing these challenges during the next G4 meeting, likely to be held in Czech Republic in 2017; we hope to see even more attendants at that conference: ''uvidı´me se na konferenci!''
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